The proglucagon gene (glu) encodes the incretin hormone glucagon-like peptide-1 (GLP-1), produced in the intestinal endocrine L cells. We found previously that the bipartite transcription factor ␤-catenin/T cell factor (cat/TCF), the major effector of the canonical Wnt signaling pathway, activates intestinal glu expression and GLP-1 production. We show here that 100 nM insulin stimulated glu expression and enhanced GLP-1 content in the intestinal GLUTag L cell line as well as in primary fetal rat intestinal cell cultures. Increased intestinal glu mRNA expression and GLP-1 content were also observed in vivo in hyperinsulinemic MKR mice. In the GLUTag cells, insulin-induced activation of glu expression occurred through the same TCF site that mediates cat/TCF activation. 
The proglucagon gene (glu) encodes the incretin hormone glucagon-like peptide-1 (GLP-1), produced in the intestinal endocrine L cells. We found previously that the bipartite transcription factor ␤-catenin/T cell factor (cat/TCF), the major effector of the canonical Wnt signaling pathway, activates intestinal glu expression and GLP-1 production. We show here that 100 nM insulin stimulated glu expression and enhanced GLP-1 content in the intestinal GLUTag L cell line as well as in primary fetal rat intestinal cell cultures. Increased intestinal glu mRNA expression and GLP-1 content were also observed in vivo in hyperinsulinemic MKR mice. In the GLUTag cells, insulin-induced activation of glu expression occurred through the same TCF site that mediates cat/TCF activation. T HE CANONICAL WNT signaling pathway was initially identified in colon cancer research and in embryological studies in Drosophila and other species (1) (2) (3) (4) (5) (6) . The key effector of the Wnt pathway is the bipartite transcription factor ␤-catenin/T cell factor (cat/TCF), formed by ␤-catenin (␤-cat) and one of the four TCFs [TCF-1, lymphoid enhancerbinding factor-1 (LEF-1), TCF-3, and TCF-4]. Among them, TCF-4 is the major partner of ␤-cat in intestinal cells (7, 8) . Under nonstimulating conditions, the concentration of free ␤-cat is tightly controlled by the proteasome-mediated degradation process, with the participation of the tumor suppressor adenomatous polyposis coli (APC), axin, glycogen synthase kinase-3 (GSK-3), and casein kinase-1␣ (CK-1␣) (9, 10) . In response to Wnt stimulation, free ␤-cat accumulates, leading to the formation of the cat/TCF complex and activation of cat/TCF downstream target genes. In addition, lithium and other inhibitors of GSK-3 may also stimulate the expression of downstream target genes of the Wnt signaling pathway (11) .
The proglucagon gene (glu) is expressed in pancreatic ␣-cells, intestinal endocrine L cells, and selected neurons in the brain (12) (13) (14) (15) (16) . It encodes the prohormone proglucagon, which can be processed to produce at least three major peptide hormones, glucagon, glucagon-like peptide-1 (GLP-1), and GLP-2. These hormones exert both opposite and overlapping functions. Glucagon, produced in the pancreatic ␣-cells, is a major counterregulatory hormone to insulin in the maintenance of glucose homeostasis. In contrast, GLP-1 and GLP-2 are produced by the intestinal endocrine L cells (13) . GLP-1 enhances insulin secretion and inhibits glucagon release (12, 13) . Other functions of GLP-1 include stimulation of pancreatic ␤-cell growth and survival and inhibition of gastric emptying (17) . In addition, both peripheral and brain administration of GLP-1 inhibits food intake (18 -20) . GLP-2 was initially recognized as a growth factor of the small intestinal epithelium (21) , although recent studies have suggested that it may also exert overlapping functions with GLP-1 in controlling food intake (22) (23) (24) . The opposite biological functions exerted by glucagon compared with the glucagon-like peptides in the regulation of nutrient homeostasis prompted us to propose the existence of cell-typespecific mechanisms underlying intestinal glu expression (25) .
We reported recently that glu expression and GLP-1 production are activated by lithium or ␤-cat overexpression in intestinal endocrine L cells (8, 25) . This activation is mediated through a TCF binding site within the glu gene promoter G2 enhancer element, combined with TCF-4 expression in intestinal L cells. In the present study, we demonstrate that insulin also activates glu expression and GLP-1 production in a murine intestinal endocrine L cell line and in primary rat intestinal L cells as well as in the mouse intestine in vivo. These findings stand in marked contrast to the known re-pressive effect of insulin on expression of the same glu gene in pancreatic ␣-cells (26, 27) . Our data indicate that activation of glu expression and GLP-1 production by insulin is regulated by the same cis-and trans-elements that mediate activation by the Wnt signaling pathway, supporting the existence of cross talk between the insulin and Wnt signaling pathways.
Materials and Methods Chemicals
Insulin was provided by Novo Nordisk (Copenhagen, Demark). Recombinant IGF-I (product number 13769) was purchased from SigmaAldrich (St. Louis, MO). Several concentrations of insulin (20, 100, 200 , and 800 nm, equivalent to 116 ng, 580 ng, 1.16 g, and 5 g per ml, respectively) were used in this study. The phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 and protein kinase B (PKB) inhibitor Akti-1/2 were purchased from Calbiochem (EMD Biosciences, Inc., San Diego, CA).
Plasmids
Construction of the proglucagon-luciferase (GLU-LUC) reporter gene plasmids was reported in previous studies (28 -30) . The G2-TK-LUC constructs were generated by inserting one copy of the corresponding element into the parental TK-LUC fusion gene plasmid, as reported previously (8) . The S33Y mutant ␤-cat expression plasmid and TCF-4 dominant-negative retrovirus expression system (pPGS-dnTCF-4 and the empty vector) were gifts from Dr. Eric Fearon (31) . The pTOPFLASH reporter plasmid was a gift from Dr. Bert Vogelstein. In this plasmid, expression of a LUC reporter gene is driven by a minimum TK promoter fused with three copies of the TCF binding site (32, 33) . The GSK-3␤ expression plasmid was provided by Dr. James Woodgett (34) .
Mice, cell cultures, DNA transfection, and LUC reporter analysis
Hyperinsulinemic MKR mice were kindly provided by Dr. Derek LeRoith (35, 36) . All animal experiments were approved by the University of Toronto Animal Care Committee. Age-and sex-matched 10-wk-old MKR and FVB (strain controls; Charles River, St. Constant, Quebec, Canada) mice were used to examine ileal glu mRNA expression and GLP-1 content. Fetal rat intestinal cell (FRIC) L-cell cultures were prepared from 19-to 20-d pregnant Wistar rats (Charles River), as previously described (25, 37) . Mouse large intestinal GLUTag (38) , small intestinal STC-1 (39), hamster pancreatic InR1-G9 (40) , and mouse pancreatic ␣-TC-1 cell lines were grown in DMEM (4.5 mg glucose/liter) supplemented with 10% fetal bovine serum. Methods for examining the effect of chemical treatments on GLU-LUC fusion gene expression have been described previously (41) .
RNA extraction, Northern blotting, and real-time RT-PCR
RNA was extracted using Trizol reagent (Invitrogen Life Technology, Carlsbad, CA) as per the manufacturer's instructions. Methods for Northern blotting were described previously (29) . cDNAs were generated using the ReverAid kit (Fermentas, Burlington, Onatrio, Canada). Real-time RT-PCR was conducted with Rotor-Gene 3000 (Corbett Research, Dorval, Quebec, Canada), using the QuantiTect SYBR green PCR kit (QIAGEN, Valencia, CA). DNA sequences of the primers used to detect glu mRNA by real-time RT-PCR were forward, 5Ј-ATGAAGAC-CATTTACTTTG-3Ј, and reverse, 5Ј-CGGTTCCTCTTGGTGTTCAT-CAAC-3Ј, resulting in amplification of a 254-bp glu cDNA fragment in mouse and rat. Expression levels of glu mRNA are presented as relative copy numbers (with the untreated samples or control mice defined as 1), calculated using the mouse glu cDNA inserted into a TA cloning vector as the control and normalized to expression of ␤-actin mRNA.
Antibodies, Western blotting, and immunohistochemical staining
Rabbit polyclonal anti-Akt, anti-phospho-Akt (Ser473), and antiphospho-GSK-3␣/␤ (Ser21/9) antibodies were purchased from Cell Signaling (Cedarlane, Ontario, Canada). The mouse monoclonal anti-GSK-3 (clone 4G-1E), and mouse anti-␤-catenin (␤-cat, nonphosphorylated, clone 8E4) antibodies were from Upstate Biotechnology (Lake Placid, NY) (42) . Another monoclonal anti-␤-cat antibody (E-5, sc-7963), and the horseradish peroxidase-conjugated secondary antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Methods for nuclear protein extraction, whole-cell protein preparation, and Western blotting have been described previously (8) . For immunostaining, cells grown on coverslips were fixed with chilled 4% paraformaldehyde in PBS for 15 min and permeabilized with cold methanol for 5 min on ice, followed by incubation with 10% horse serum/0.1% Tween 20 in PBS for 30 min. Slides were then incubated with a rabbit polyclonal anti-TCF-4 (H-125) antibody and a mouse monoclonal anti-␤-cat (nonphosphorylated) antibody (clone 8E4) diluted 1:200 in blocking buffer for 3 h at room temperature, followed by Alexa Fluor 546 goat antimouse IgG (HϩL) (Invitrogen; 1/200) and antirabbit IgG fluorescein isothiocyanate conjugate (Sigma; 1/100) diluted in blocking buffer for 45 min at room temperature. Nuclei were counterstained with 4Ј,6-diamino-2-phenylindole (DAPI; Sigma), and immunoactivity was viewed using an LSM510 confocal microscope.
Small interfering RNA (siRNA)
siRNA against mouse ␤-cat and scrambled RNA (as control) were purchased from Dharmacon Research Inc (Lafayette, CO; sequence information included in supplemental 
RIA
Peptides were extracted from 5 cm of mouse ileum or from cells by extraction with 1 n HCl containing 1% trifluoroacetic acid, 5% HCOOH, and 1%NaCl, followed by passage twice through a cartridge of C18 silica (C18 Sep-Pak; Waters Corp., Milford, MA). RIA for GLP-1 was carried out using an antiserum directed toward the C-terminal end of GLP-1 (Affinity Research Products Ltd., Mamhead, UK) (8, 25, 38) . Tissue and cell GLP-1 content was normalized to protein levels, determined by Bradford assay.
Chromatin immunoprecipitation (ChIP)
Approximately 2 ϫ 10 7 cells were used for each ChIP assay, using the method described previously (8) . Briefly, the cells were treated with formaldehyde to cross-link chromatin and nuclear proteins. After sonication, a designated antibody was used (final dilution of 1:500) to precipitate the sheared chromatin. After washing, elution, reverse crosslinking, and purification, approximately 1/20 of the purified DNA (2 l) was used in each PCR or real-time PCR. A mouse monoclonal anti-TCF-4 antibody (Clone 6H5-3), a mouse monoclonal anti-LEF-1 antibody (C-19), and a rabbit polyclonal anti-␤-cat antibody (H-102) were used in the ChIP assay. A mouse monoclonal anti-Flag tag antibody (M5; Sigma) was used as a negative control. The experimental primers (forward, 5Ј-CAAGGGATAAGACCCTCAAATG-3Ј, and reverse, 5Ј-GCCTTG-CAGATATTACGCTGA-3Ј) amplify a 297-bp DNA fragment that contains the G2 enhancer element of the mouse glu gene promoter, based on the mouse glu gene sequence (GenBank accession no.: NT_039207). The control primers (forward, 5Ј-TGCTTATAATGCTGGTGCAAG-3, and reverse, 5Ј-ATTCGTATCCCAGATCAG-3Ј) amplify a 205-bp fragment that is part of exon II of the mouse glu gene. The glu gene G2 element copy number was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) copy number.
Results

Insulin stimulates glu mRNA expression in intestinal gluexpressing endocrine L cells
Insulin has been shown to repress both glu mRNA expression and glucagon production in pancreatic ␣-cells (26, 27) . Conversely, we have found that insulin stimulates GLP-1 secretion in the GLUTag cell line and a human intestinal GLP-1-producing cell line, NCI-H716 (43) . However, the effect of insulin on glu gene expression in intestinal L cells is unknown. Interestingly, we found that insulin at concentrations of 100 nm or higher significantly stimulated glu mRNA expression, in both the intestinal GLUTag L cell line (1.7-to 3.1-fold) and the intestinal STC-1 cell line (1.9-to 2.8-fold, based on results of densitometric analysis). Insulin did not show a significant stimulatory effect at concentrations of 20 nm or lower (data not shown). Representative Northern blotting results are shown in Fig. 1A (two left panels) . In contrast, insulin exerted no notable effect on glu mRNA expression in the pancreatic ␣-cell line InR1-G9 and repressed glu mRNA expression in the ␣-TC-1 cell line by 22-52% (Fig. 1A , two right panels; results based on densitometric analyses). To quantitatively assess the effect of insulin on glu mRNA expression in the GLUTag cell line, we also conducted real-time RT-PCR analyses. Figure 1B shows that 100 nm insulin significantly activated glu mRNA expression by 2.1-to 3.1-fold during the entire 4-to 24-h experimental period. Figure 1C shows that treating the GLUTag cell line with 100 nm recombinant IGF-I for 4 h resulted in a similar activation of glu mRNA expression compared with that seen with insulin at the same concentration. At a concentration of 20 nm, both insulin and IGF-I moderately activated glu mRNA expression, but this did not reach statistical significance in either case (data not shown). To further verify whether insulin indeed stimulates glu mRNA expression in intestinal L cells, we also examined the effect of insulin on glu expression in primary FRIC cultures. Figure 1D shows that an 8-h treatment with 100 nm insulin generated a 61% increase in glu mRNA expression in FRIC cultures, detected by real-time RT-PCR. Because 100 nm insulin is a supraphysiological concentration, we also determined the potential physiological relevance of these findings by examination of glu mRNA expression in a hyperinsulinemic model, the MKR transgenic mouse (35, 36) . MKR mice overexpress a dominant-negative IGF-I receptor construct in muscle cells and therefore develop a compensatory hyperinsulinemia of approximately 1 nm. Compared with FVB control mice, intestinal glu mRNA expression was increased approximately 5-fold in these animals (Fig. 1E) .
Insulin-mediated activation requires a TCF binding site, ␤-catenin, and TCF-4
The observations that both the Wnt pathway (8) and insulin activate cell-type-specific glu expression prompted us to examine whether insulin uses the effectors of the Wnt signaling pathway in stimulating glu expression. We first determined the effect of insulin on expression of a LUC reporter driven by a native glu promoter construct containing a TCF binding site as well as on the Wnt-responsive LUC reporter pTOPFLASH. As shown in supplemental Fig. 1 (published as supplemental data on The Endocrine Society's Journals Online web site at http://endo.endojournals.org), in the intestinal GLUTag cell line, but not in the pancreatic InR1-G9 cell line, insulin significantly stimulated expression of the TCF binding site-bearing glu promoter and the pTOP-FLASH construct by 1.9-and 2.6-fold, respectively, suggesting that insulin may use the effector of the Wnt signaling pathway in stimulating intestinal glu transcription. To further examine whether the TCF site within the G2 enhancer element is necessary for this activation, we examined the effect of insulin on three additional LUC fusion gene constructs, namely G2L-TK-LUC (G2L), G2S-TK-LUC (G2S), and G2M-TK-LUC (G2M), previously described (8) . In brief, G2L represents the full-length wild-type G2 enhancer element (Ϫ200 to Ϫ165 bp), whereas G2S is 8 bp shorter than G2L, although the TCF binding motif remains unchanged. G2M is identical to G2S, except for the presence of a disabling mutation in the TCF motif (8) . By using these three LUC reporters, we have demonstrated previously that the TCF binding motif within the G2 element mediates lithium and S33Y (constitutively active)-␤-cat-transfection-induced activation of the glu promoter in the intestinal GLUTag cell line (8) . Figure 2A shows that insulin stimulated expression of both G2L and G2S, but not G2M, when transfected into the GLUTag cell line. In contrast, insulin generated no appreciable effect on expression of either G2S or G2M when transfected into the pancreatic InR1-G9 cell line (Fig. 2B) . In addition, significant repression by insulin was observed when G2L was examined in the InR1-G9 cells (Fig. 2B) . This observation suggests that, in addition to the negative cis-elements previously identified within the G1 and G3 regions (27, 44) that mediate the repressive effect of insulin in pancreatic ␣-cells, there is an extra negative element within G2 that exerts such a function. Although this clearly merits further investigation, the present study has focused on the mechanisms underlying the cross talk between the insulin and Wnt signaling pathways in intestinal L cells. Figure 2C shows that treating the GLUTag cell line with insulin and lithium generated no synergistic or additive effect on G2S expression, further confirming that insulin activates G2S mainly via the TCF binding motif.
The observation that insulin and the Wnt signaling pathway use the same cis-element to stimulate intestinal glu promoter transcription prompted us to examine whether the trans-element, cat/TCF, the major effector of the Wnt signaling pathway, is also involved in insulin-stimulated glu expression in the intestinal L cell line. Supplemental Fig. 2A shows the sequence of the siRNA against ␤-cat used in this study. Transfection of the ␤-cat siRNA into GLUTag cells significantly attenuated free ␤-cat expression, accompanied by reduced expression of c-Myc, a known downstream target of the Wnt pathway (Fig. 2D) . This ␤-cat siRNA was also shown to knock down ␤-cat expression in the human HepG2 cell line and to attenuate human ␤-cat cotransfection-stimulated G2S-TK-LUC expression (supplemental Fig. 2C) . However, the same amount of scrambled RNA (control) had no effect on the expression of either ␤-cat or c-Myc in GLUTag cells (Fig. 2D ). GLUTag cells were therefore transfected with the ␤-cat siRNA, scrambled RNA, or no RNA (mock transfection) for 24 h, treated with insulin (100, 200, and 800 nm) for an additional 4 h, and examined for glu mRNA expression by real-time RT-PCR. As shown in Fig. 2E , all three doses of insulin stimulated glu expression in the mock-transfected cells. In contrast, introduction of ␤-cat siRNA completely blocked insulin-induced glu activation, whereas the scrambled RNA caused only a small reduction in insulin-activated glu expression.
We have previously demonstrated that expression of dominant-negative TCF-4 (dnTCF-4) in the GLUTag cell line effectively blocked activation of glu promoter expression and GLP-1 production by lithium and S33Y-␤-cat transfection (8) . To further investigate whether TCF-4 is also involved in insulin-activated glu promoter expression, we assessed the effect of insulin on expression of G2S and pTOPFLASH in dnTCF-4-expressing GLUTag cells. As shown in Fig. 3A , expression of both G2S and pTOPFLASH was activated by insulin in the control GLUTag cell line. However, insulin failed to activate expression of these two reporter gene constructs in the dnTCF-4 expressing GLUTag cells. Furthermore, 12 and 24 h insulin treatment also increased the GLP-1 content of the GLUTag cells, by 2.7-and 2.0-fold, respectively, and this was completely abrogated by expression of dnTCF-4 (Fig. 3B) . Together, these findings implicate both cis-elements (TCF binding motif within G2) and trans-elements (␤-cat and TCF-4) in the stimulation of glu mRNA expression and GLP-1 production in response to activation of the Wnt signaling pathway by insulin. Finally, consistent with the finding of insulin-induced enhancement of GLP-1 content in the GLUTag cell line, the intestinal content of GLP-1 in the hyperinsulinemic MKR mice was also increased, by 46.8% (Fig. 3C) .
Inhibition of PI3K, but not of PKB, blocks the stimulatory effect of insulin
To investigate the molecular mechanisms underlying insulin-stimulated glu expression and GLP-1 production in intestinal endocrine L cells, we first examined the involve-ment of GSK-3, a common negative modulator of both the Wnt and insulin pathways (45) (46) (47) . It is well known that insulin activates PKB/Akt via PI3K in many cell lineages, resulting in the phosphorylation of GSK-3. However, no detailed examination has been conducted in glu-expressing endocrine cells. We found that, not only in GLUTag and STC-1 cells, but also in the pancreatic InR1-G9 cells, insulin stimulated GSK-3 phosphorylation (supplemental Fig. 3 , A-C), suggesting that GSK-3 may not be the key mediator of insulin in the stimulation of glu expression in intestinal endocrine L cells. Supplemental Fig. 3D also shows that insulinstimulated PKB and GSK-3 phosphorylation was inhibited by LY294002, a potent inhibitor of PI3K.
To examine the involvement of PI3K in insulin-stimulated glu expression, GLUTag cells were transfected with G2S or pTOPFLASH for 12 h before the addition of 100 nm insulin, in the presence or absence of LY294002. Cells were harvested after 12 h of insulin treatment, and LUC reporter expression was assessed. As shown in Fig. 4, A and B , insulin-activated expression of G2S and pTOPFLASH were completely -G9 cells (B) . Three micrograms of the indicated LUC reporter plasmid were transfected into GLUTag or InR1-G9 cells, and insulin (Ins, 100 nM) was added 12 h before the cells were harvested for LUC reporter analysis. Relative LUC activity was calculated as fold induction with the activity in cells receiving no insulin treatment set to 1-fold (mean Ϯ SD, n ϭ 3). C, Insulin and lithium generated no additive effect on G2S expression. Three micrograms of G2S were transfected into the GLUTag cells, and insulin (Ins, 100 nM) and/or lithium (10 mM) was added 12 h before the cells were harvested for LUC reporter analysis. Relative LUC activity was calculated as fold induction with the activity in cells receiving no treatment set to 1-fold (mean Ϯ SD, n ϭ 3). D, GLUTag cells were transfected with the ␤-cat siRNA (50 nM). The same amount of scrambled RNA (S-RNA) was used as the negative control. Twenty-four hours after the transfection, cells were harvested for Western blotting. Thirty micrograms of total protein were loaded into each lane, and a mouse monoclonal anti-␤-cat antibody (1: 1000) was used to determine ␤-cat expression. The same membrane was stripped, followed by hybridization with a rabbit polyclonal anti-c-myc antibody (1:1000) and a mouse monoclonal anti-␤-actin antibody (loading control). E, GLUTag cells were transfected with 50 nM ␤-cat siRNA, or 50 nM scrambled siRNA (S-RNA) or received no transfection. Twenty-four hours after transfection, cells were treated with the indicated amount of insulin for 8 h, and then harvested. The expression of glu mRNA was quantitatively assessed by real-time RT-PCR. Results are presented as relative glu mRNA expression, with cells receiving no insulin treatment set to 1-fold (mean Ϯ SD, n ϭ 3).
blocked by PI3K inhibition. We also observed that LY294002 treatment decreased insulin-stimulated expression of G2S and pTOPFLASH below the basal levels (Fig. 4, A and B) , indicating a possible involvement of PI3K activity in basal expression of Wnt target genes. Figure 4C shows that insulin-stimulated G2S expression was also attenuated by the inhibition of MAPK kinase (MEK), a known target of the PI3K signaling pathway. Finally, the involvement of PKB was examined using the chemical inhibitor Akti-1/2 (48) . Figure 4D shows that 10 m Akti-1/2 completely blocked the effect of insulin on GSK-3 phosphorylation. However, PKB inhibition did not prevent insulin-induced activation of G2S and pTOPFLASH expression. Indeed, further activation was observed when Akti-1/2 was applied together with insulin (Fig. 4E ). These observations support the notion that the PKB-GSK-3 signaling cascade is not involved in insulin-induced activation of ␤-cat in the intestinal L cell.
Insulin stimulates nuclear ␤-cat content in the GLUTag cell line
It has been reported that in several cancer cell lines and in fibroblasts, insulin does not stimulate free ␤-cat accumulation in the cytosol, whereas activation of the Wnt pathway does (46) . Because nuclear ␤-cat is the component of the bipartite transcription factor cat/TCF that stimulates gene expression, we tested whether insulin affects nuclear ␤-cat content by treating both the GLUTag and InR1-G9 cell lines with 20, 100, and 800 nm insulin for 4 h, followed by assessment of nuclear ␤-cat content by Western blotting. Figure 5A shows that insulin markedly enhanced nuclear ␤-cat content in the GLUTag cell line but reduced nuclear ␤-cat content in the InR1-G9 cells. Similar effects were also observed in the GLUTag cells when 20 and 100 nm recombinant IGF-I was applied (Fig. 5B) . We then treated both the GLUTag and InR1-G9 cell lines with 100 nm insulin for 4 h, followed by immunofluorescence staining for TCF-4 and nonphosphorylated ␤-cat. As shown in Fig. 5C , TCF-4 expression was detected in both the nucleus and cytosol of the GLUTag cells, regardless of insulin treatment. In contrast, no ␤-cat staining was detectable in the nuclei in the absence of insulin, whereas insulin treatment substantially increased nuclear ␤-cat content. In InR1-G9 cells, TCF-4 immunoactivity was very weak (if not absent). Furthermore, with or without insulin treatment, nuclear ␤-cat levels were very low in the InR1-G9 cells (Fig. 5D) . We therefore conclude that in the GLUTag cell line, activation of glu expression by insulin is associated with an increase in nuclear ␤-cat content. FIG. 3 . Expression of dnTCF-4 blocks the stimulatory effect of insulin on TCF motif-mediated LUC reporter expression and GLP-1 content. A, GLUTag cells stably transfected with an empty expression vector (V) or dnTCF-4 (dnTCF) were transiently transfected with 3 g G2S-TK-LUC (G2S) or pTOPFLASH for 12 h. The cells were treated with or without insulin (Ins, 100 nM) for an additional 12 h before harvesting for LUC reporter analysis. Relative LUC activity was calculated as fold induction with the activity in cells receiving no insulin treatment set to 1-fold (mean Ϯ SD, n Ն3). *, P Ͻ 0.05; **, P Ͻ 0.01. B, The effect of insulin on GLP-1 content in wildtype (WT), empty vector (V)-transfected, and dnTCF-4 (dnTCF)-transfected GLUTag cells was examined by RIA. Relative GLP-1 content was calculated as fold induction compared with cells that received no insulin treatment (mean Ϯ SD, n Ն 6). *, P Ͻ 0.05; **, P Ͻ 0.01. C, GLP-1 content of ileal sections from hyperinsulinemic MKR and control FVB mice was determined by RIA and normalized to total tissue protein content [mean Ϯ SD, n ϭ 14 (control) and 11 (MKR)].
Insulin stimulates binding of ␤-cat and TCF-4 to the G2 enhancer element
We have previously demonstrated by ChIP assay that antibodies against ␤-cat, TCF-4, and LEF-1 are able to precipitate the TCF-binding site-bearing G2 enhancer element of the glu gene promoter (8) . To quantitatively assess the binding in response to insulin treatment, we therefore conducted quantitative ChIP analyses. In these analyses, the amount of chromatin-associated G2 element detected by real-time PCR is arbitrarily referred to as binding activity. As expected, we found that 4 h of lithium treatment enhanced the binding of TCF-4, LEF-1, and ␤-cat to the G2 element, by 2.7-, 2.3-, and 5.4-fold, respectively (Fig. 6A) . We then treated GLUTag cells with either 100 or 800 nm insulin for 4 h and conducted quantitative ChIP with anti-TCF-4 and anti-␤-cat antibodies. Figure 6 , B and C, shows that 100 and 800 nm insulin increased the binding of TCF-4 to the G2 element by 13-and 33-fold, respectively, and increased binding of ␤-cat to G2 by 6.0-and 5.7-fold, respectively.
Discussion
We have previously reported that lithium treatment or transfection of a constitutively active ␤-cat mutant stimulates glu expression in intestinal glu-expressing cells and have identified an evolutionarily conserved TCF binding motif within the G2 enhancer element of the glu promoter that mediates the activation by both lithium and constitutively active ␤-cat (8). Furthermore, we found that expression of dnTCF-4 blocked the stimulatory effect of lithium on glu mRNA expression (8) . TCF-4 was also demonstrated to be abundantly expressed in intestinal glu-expressing cell lines but was barely detectable in pancreatic islet ␣-cell lines (8) , providing at least a partial explanation for the cell-typespecific effect of the Wnt pathway on glu expression. Herein, we further demonstrate that lithium stimulates the interaction of both ␤-cat and TCF-4 with the glu promoter G2 element (Fig. 6A ). Our observations collectively suggest that the Wnt signaling pathway stimulates glu mRNA expression in the intestinal L cells. Consistent with our observations, Murtaugh et al. (49) found that loss of ␤-cat expression during pancreatic development does not significantly perturb islet endocrine cell mass or function, although ␤-cat expression is essential for pancreatic acinar cell development. In addition, recent genetic linkage analyses have shown an association between several common variants of TCF-4 (TCF7L2) and an increased risk of developing type 2 diabetes mellitus (T2D) (50 -52) . Whether intestinal glu expression and GLP-1 production are reduced in individuals carrying the T2D-susceptibility TCF-4 alleles warrants further examination.
Philippe (26, 27) has demonstrated that insulin represses expression of glu mRNA and the glu promoter in pancreatic ␣-cells, through a cis-element within the G3 enhancer element. More recently, Schinner et al. (44) reported that PKB/ Akt activation is sufficient to mimic the inhibitory effect of insulin on pancreatic glu expression. We show here that in contrast to its repressive effect in pancreatic ␣-cell lines, insulin stimulates glu mRNA expression in two intestinal glu-producing cell lines as well as in primary FRIC intestinal L cell cultures. Insulin also enhances GLP-1 content in both the GLUTag and FRIC cultures, and both glu mRNA levels and GLP-1 content are increased in the intestines of hyperinsulinemic MKR mice. Collectively, these observations reveal a potential novel function of insulin as a regulator of the intestinal L cell, at least under conditions of hyperinsulinemia. Additional studies will clearly be required to confirm this effect of insulin on GLP-1 production, particularly during the development and progression of T2D. We have also examined the effect of IGF-I on glu mRNA expression and nuclear ␤-cat content in the GLUTag cell line. Because the response to IGF-I was similar to that of insulin in these experiments, additional studies will be required to determine whether insulin is acting via its own receptor, via the IGF-I receptor, and/or through a hybrid of the two receptors.
Insulin treatment may lead to enhanced phosphorylation of GSK-3␣ and GSK-3␤ at Ser 21/9 via PKB, thereby attenuating their enzymatic activity. However, Ding et al. (46) FIG. 5. Insulin stimulates nuclear ␤-cat expression. A, GLUTag and InR1-G9 cells were treated with the indicated amount of insulin (Ins) for 4 h before harvesting for nuclear protein extraction. PCNA, Proliferating cell nuclear antigen. Fifteen micrograms of nuclear protein were loaded in each lane, and the expression of nuclear ␤-cat was detected with a rabbit polyclonal anti-␤-cat antibody (1:1000) (n ϭ 3). B, GLUTag cells were treated with the indicated amount of IGF-I for 4 h before harvesting for nuclear protein extraction. Fifteen micrograms of nuclear protein were loaded in each lane, and the expression of nuclear ␤-cat was detected with a rabbit polyclonal anti-␤-cat antibody (n ϭ 3). Histone H3 was used as a loading control. C and D, GLUTag (C) and InR1-G9 (D) cells were treated with insulin for 4 h, followed by detection of TCF-4 and nonphosphorylated ␤-cat expression by immunofluorescence. Nuclei were localized by 4Ј,6-diamino-2-phenylindole (DAPI) staining.
suggested that this does not lead to activation of the Wnt pathway because, in their studies, insulin treatment at 800 nm (5 g/ml) did not result in cytosolic free ␤-cat accumulation in a battery of cancer cell lines and fibroblasts. In contrast, both Wnt-conditioned medium and lithium induced free ␤-cat accumulation but did not affect the phosphorylation status of GSK-3 (46) . Based on these observations, Ding et al. (46) suggested that insulin and Wnt signals regulate GSK-3 via different mechanisms, leading to distinct downstream events, and that phosphorylation of GSK-3␣/␤ at Ser 21/9 may not be sufficient to induce free ␤-cat accumulation. However, studies by other groups have shown that IGF-I or insulin can stimulate ␤-cat-mediated transactivation (53-59). The observations made in the present study provide an explanation for the discrepancy between these studies. In brief, we found that insulin treatment increased nuclear ␤-cat content in the GLUTag cell line, although the source of this ␤-cat, e.g. cytoplasmic or from the membrane E-cadherin/␤-catenin complex, remains to be determined. Furthermore, using quantitative ChIP assays, we found that insulin stimulated binding of ␤-cat and TCF-4 to the G2 enhancer element of the glu promoter. Enhanced nuclear ␤-cat translocation and increased binding of cat/TCF-4 to target gene promoters therefore appears to be among the mechanisms underlying the cross talk between the insulin and Wnt signaling pathways.
Interestingly, we found that inhibition of PI3K, but not of PKB, blocked insulin-stimulated glu promoter expression. PI3K-mediated PKB-independent signaling has not been recognized until very recently. Zhang et al. (60) have shown that cigarette smoke-stimulated EGF receptor activation in human bronchial epithelial cells increases expression of the protooncogene FRA-1 through the PI3K-(p21-activated kinase-1, PAK-1)-Raf-MEK-ERK signaling cascade, without the involvement of PKB. Our observation therefore provides another example for the existence of PKB-independent PI3K activity. Whether PAK-1 is involved in stimulating ␤-cat nuclear translocation and regulating intestinal glu expression deserves examination.
In summary, we have found that insulin stimulates intestinal glu expression and GLP-1 production. This finding reveals a potential novel function of insulin, namely enhancement of the levels of the incretin hormone GLP-1. We also observed that insulin stimulates nuclear ␤-cat accumulation and binding of ␤-cat and TCF-4 to the glu gene promoter and suggest that this represents a novel mechanism that underlies cross talk between canonical Wnt signaling and pathways that are triggered by insulin and other growth factors or hormones.
FIG. 6. Lithium and insulin stimulate binding of TCF-4 and ␤-cat to the glu promoter G2 enhancer element. A, GLUTag cells were treated with 10 mM LiCl for 4 h, followed by ChIP assay with antibodies (Ab) against TCF-4, LEF-1, and ␤-cat. The amount of G2 element in the chromatin DNA precipitated in each assay was quantitatively assessed by real-time PCR, and the results are presented as fold of relative copy number (with untreated samples defined as 1-fold, mean Ϯ SD). B and C, GLUTag cells were treated with the indicated amount of insulin for 4 h, followed by ChIP assay using antibodies directed against TCF-4 (B) and ␤-cat (C). The amount of G2 element in the chromatin DNA precipitated in each assay was assessed by realtime PCR.
